Introduction {#S1}
============

Malignant peripheral nerve sheath tumors (MPNSTs) are soft tissue sarcomas that originate from cells of neural crest lineage ([@R1]). Approximately half of MPNSTs develop in patients with neurofibromatosis type I (NF1), a hereditary cancer predisposition syndrome caused by inactivation of the *NF1* gene ([@R2], [@R3]). MPNSTs exhibit aggressive growth and a high rate of local and systemic recurrence and serve as major source of morbidity for NF1 patients ([@R4], [@R5]). MPNSTs have limited sensitivity to radio- and chemotherapy, while surgical resection is often hindered by the high degree of invasiveness of the tumors ([@R3], [@R6]).

The past decade has brought increasing efforts to identify specific diagnostic and prognostic markers associated with MPNSTs as well as relevant anticancer targets. While biallelic loss of the *NF1* gene in Schwann cells, resulting in activation of Ras signaling, is the molecular cause of the benign lesions seen in NF1 patients, secondary genetic alterations must occur for these tumors to transform into MPNSTs ([@R1], [@R7]), implying that additional signaling pathways contribute to MPNST pathobiology. Several studies have suggested that Mek/Erk and Akt/mTORC1 signaling are critical for MPNST tumor growth ([@R8]--[@R11]), and recent investigations have also revealed that the WNT/β-catenin pathway is activated in MPNSTs and might represent a promising therapeutic target for these conditions ([@R12]--[@R14]).

Signaling through all three of these pathways - Mek/Erk, Akt/mTORC1, and Wnt/β-catenin -- can be modulated by Group I p21-activated kinases (Group I Paks, PAK1/2/3), important effectors of Rho family small GTPases RAC1 and CDC42 ([@R15], [@R16]). Group I Paks have been suggested to play pivotal role in the growth and dissemination of several cancers; furthermore, Pak inhibition has been shown to decrease the tumorigenic potential of different human cancer cells *in vitro* and in animal models ([@R16], [@R17]).

Almost twenty years ago, expression of a dominant-negative form of PAK1 was shown to reduce the anchorage-independent and xenograft growth of the NF1-mutant MPNST cell line ST8814 ([@R18]), but more physiologic approaches using genetic and pharmacologic tools are lacking. As Group I Paks regulate signaling nodes important for MPNST cell survival, proliferation and migration in several cell types ([@R16]), we speculated that PAK1/2/3 signaling may play a role in MPNST growth and metastasis. While genetic alterations of *PAK* genes in MPNSTs have not been reported, amplification of *RAC1* and several Rho-GTPase pathway genes has been described in this setting ([@R19]). RAC1 activity has been shown to be elevated in *NF1* deficient cells, contributing to increased cell proliferation and motility ([@R20], [@R21]).

Here, we show that PAK1/2/3 activity is significantly elevated in human MPNSTs and MPNST-derived cell lines. Importantly, this abnormal activation is most markedly noted in metastatic tumors. Exposure of MPNST cell lines to specific small-molecule and peptide inhibitors of Group I Paks was associated with decreased motility and cell proliferation. Pak inhibition reduced β-catenin and Akt signaling in most MPSNT cells, but interestingly, did not consistently reduce activation of the Mek/Erk cascade. Dual inhibition of PAK1/2/3 and MEK1/2 resulted in synergistic inhibition of MPNST cell growth *in vitro* and markedly reduced MPNST tumor growth in xenograft and experimental metastasis models of MPNST. These data suggest that Group I Pak inhibitors might be useful for treatment of advanced MPNSTs as single agents or in combination with inhibitors of the Mek/Erk cascade.

Results {#S2}
=======

Activation of PAK1/2/3 Signaling in Human MPNSTs {#S3}
------------------------------------------------

To investigate the potential contribution of RAC1/Pak signaling to MPNST pathogenesis we assessed the activity of Group I Paks in a cohort of human samples. Phosphorylation of PAK1/2/3 at the Ser144/Ser141/Ser139 sites was used as readout for PAK1/2/3 activity ([@R22]). A clinically-annotated tissue microarray (TMA), containing sporadic and NF1-associated MPNST, as well as neurofibroma and normal peripheral nerve samples ([Table S1](#SD1){ref-type="supplementary-material"}), was stained for phospho-PAK1/2/3 ([Fig. 1A](#F1){ref-type="fig"}).

We found no significant difference between Pak phosphorylation in benign tumors (neurofibromas) and normal nerve tissues; however, phospho-PAK1/2/3 immunoreactivity was markedly enhanced in MPNST specimens ([Fig. 1B](#F1){ref-type="fig"}), in line with kinase activity of Mek and Akt (as indicated by levels of assessed phospho-proteins), as well as transcriptional activity of β-catenin (as indicated by β-catenin nuclear localization) ([Supplementary Fig. S1](#SD1){ref-type="supplementary-material"}). Furthermore, metastatic MPNSTs displayed significantly higher phospho-PAK1/2/3 levels compared to primary MPNSTs ([Fig. 1B](#F1){ref-type="fig"}), indicating that activation of PAK1/2/3 signaling is associated with advanced peripheral nerve sheath tumor stage. No association of PAK1/2/3 activity with NF1 status of the patients was detected for either benign or malignant tumors.

We next asked if Pak, Mek and Akt activity are correlated in neurofibromas and MPNSTs. As expected, we found high association of phospho-MEK1/2 (Ser217/Ser221) and phospho-AKT (Ser473) in TMA specimens (ρ = 0.541, *p* \< 001) ([Fig. 1C](#F1){ref-type="fig"}). Significant associations were also identified between phospho-PAK1/2/3 and phospho-MEK1/2 levels (ρ = 0.426, *p* \< 001), but not phospho-AKT (ρ = 0.16, *p* = 0.298), suggesting that Pak phosphorylation correlates with increased proliferative potential rather than survival in MPNSTs.

We further evaluated the potential function of Group I Paks by assessing RAC1, PAK1/2/3, and phospho-PAK1/2/3 protein levels in a panel of 8 human MPNST cell lines. Primary human Schwann cells (SC) lysate was used as a control for Western blot (WB) analysis. Most MPNST cell lines show altered protein levels and/or activity of PAK1/2/3 compared to normal SCs ([Fig. 1D](#F1){ref-type="fig"}). Cell line ST8814, which was reported to have copy number gain and overexpression of *RAC1* ([@R19])*,* exhibited elevated levels of RAC1 protein ([Supplementary Fig. S2](#SD1){ref-type="supplementary-material"}), as well as increased levels of phospho-PAK1/2/3.

For further *in vitro* studies we picked three human MPNST cell lines with different characteristics: S462TY, an NF1-associated MPNST cell line displaying high phospho-protein levels of PAK1/2/3; STS26T, a sporadic MPNST cell line exhibiting levels of RAC1 and phospho-PAK1/2/3 comparable to normal SC; and ST8814, NF1-associated MPNST cell line showing elevated levels of RAC1 protein and a moderate increase in PAK1/2/3 activity.

Effects of PAK1/2/3 Inhibition on Proliferation and Motility of MPNST Cells {#S4}
---------------------------------------------------------------------------

To assess the functional role of Pak activation in MPNST cells we used two specific PAK1/2/3 inhibitors of distinct classes - GST-PID, a polypeptide inhibitor of PAK1/2/3 ([@R23]) and Frax1036, a small-molecule ATP-competitive inhibitor of PAK1/2/3 - as well as siRNA. Control immortalized human Schwann cells (iHSC) ([@R24]), and the MPNST cell lines S462TY, STS26T, and ST8814 cells were infected with recombinant retrovirus encoding GST-PID. We found that GST-PID expression nearly completely inhibited proliferation of S462TY cells, which expressed very high phospho-PAK1/2/3, and substantially suppressed proliferation of ST8814 cells, while having an insignificant effect on STS26T cells, which expressed the lowest levels of phospho-PAK1/2/3 ([Fig. 2A](#F2){ref-type="fig"}).

For pharmaceutical Pak inhibition, MPNST cells were exposed to Frax1036. Sensitivity to the inhibitor also reflected expression/activity levels of PAK1/2/3 (S462TY\>ST8814\>STS26T) ([Fig. 2B](#F2){ref-type="fig"}). Other MPNST cell lines tested (90--8, ST88--3, sNF02.2, sNF96.2 and sNF94.3) showed moderate sensitivity to Frax1036; however, the effect on cell growth similarly correlated with phospho-PAK1/2/3 levels ([Supplementary Fig. S3](#SD1){ref-type="supplementary-material"}). These observations suggest that phospho-PAK1/2/3 may be used as a potential biomarker that could define therapeutic response to Pak inhibitors.

In addition to inhibition of Pak using small molecules, we assessed the effect of knockdown of Group I Paks on MPNST proliferation. iHSC, ST8814, STS6T, and S462TY cells were transfected with siRNAs against PAK1, PAK2, and PAK3. Knockdown of Paks had little effect in iHSC cells and STS26T cells, but inhibited proliferation of ST8814 and S462Y cells ([Supplementary Fig 4A](#SD1){ref-type="supplementary-material"}).

To determine if Paks play a role in MPNST dissemination, *in vitro* functional experiments were performed to evaluate the effects of PAK1/2/3 loss-of-function on invasion. We observed a significant reduction in the invasive potential of cells expressing GST-PID ([Fig. 2C](#F2){ref-type="fig"}, [Supplementary Fig. S6](#SD1){ref-type="supplementary-material"}). Treatment with Frax1036, or transfection with siRNAs against PAK1/2/3, elicited a similar reduction in invasive potential ([Supplementary Figs. S4B and S6](#SD1){ref-type="supplementary-material"}).

Molecular mechanisms underlying effects of PAK1/2/3 inhibition *in vitro* {#S5}
-------------------------------------------------------------------------

To assess the mechanisms by which PAK1/2/3 contributes to MPNST cellular proliferation and motility, we analyzed key signaling pathways in iHSC, ST8814, STS26T and S462TY cells using three independent approaches: infection with a GST-PID retrovirus, exposure to Frax1036 for 24 h, or transfection of anti-Pak siRNAs. In all four cell lines, expression of GST-PID or treatment with Frax1036 effectively reduced Pak activity, as assessed by phospho-PAK1/2/3 immunoblot ([Fig. 3](#F3){ref-type="fig"}).

The Raf/Mek/Erk cascade plays a central role in MPNST biology ([@R9]), and Group I Paks regulate Erk activity in some cell types by phosphorylating c-RAF at S338 and MEK1 at S298 ([@R16], [@R25], [@R26]). As expected, either expression of GST-PID, or treatment with Frax1036, strongly suppressed PAK1/2/3 auto-phosphorylation and MEK1 S298 phosphorylation ([Fig. 3](#F3){ref-type="fig"}). Surprisingly, MEK1/2 S217/S221 phosphorylation levels, known to report MEK1/2 kinase activity, were not significantly reduced, despite the loss of MEK1 S298 phosphorylation ([Fig. 3](#F3){ref-type="fig"}). The lack of effect of Pak inhibitors on Mek activity was corroborated by phospho-Erk blotting, which showed little effect of the GST-PID or Frax1036 on Erk activation in these four cell lines. Similar results were obtained in iHSC and MPNST cells in which PAK1/2/3 was knocked down by siRNA ([Supplementary Fig. S6](#SD1){ref-type="supplementary-material"}. Thus, unlike many other cell types, in MPNST cells MEK1 S298 phosphorylation is uncoupled from Mek activity, and Group I Paks are dispensable for Erk activation.

Group I Paks can also affect Akt activation, either via a scaffolding interaction with PDK1 or by direct phosphorylation ([@R16]). We found that treatment with PAK1/2/3 inhibitors or siRNA reduced phosphorylation effect on Akt ([Fig. 3](#F3){ref-type="fig"}) and mTOR ([Supplementary Figs. S6 and S7](#SD1){ref-type="supplementary-material"}) in two of the three MPNST cell lines tested, in particular in ST8814 cells.

The Wnt/β-catenin pathway has also been implicated in MPNST maintenance ([@R12], [@R14]), and, in some cells, is activated by Pak signaling ([@R16], [@R27], [@R28]). We examined the effect of Pak inhibition on the Wnt/β-catenin pathway activity. ST8814, STS26T and S462TY MPNST cell lines expressing GST-PID or treated with Frax1036 showed decreases in active (non-phospho-S33/37/T41) β-catenin ([Fig. 3](#F3){ref-type="fig"}). These data suggest that PAK1/2/3 may promote MPNST growth, invasion and metastasis via β-catenin stabilization.

As β-catenin signaling activates expression of genes involved in cell motility and invasion transition ([@R29], [@R30]), we examined profiles of E- and N-cadherin expression in cells treated with Pak inhibitors. Loss of E-cadherin expression and the upregulation of N-cadherin expression generally correlate with increased tumor cell motility and invasion ([@R31]). Mature myelinating SCs express E-cadherin, a key component of adherens junctions, while N-cadherin is a marker of motile SC precursors ([@R32]). Immunoblot analysis of MPNST cell lysates revealed that N-cadherin was present in ST8814, STS26T and S462TY cells, and that treatment with Pak inhibitors significantly reduced N-cadherin levels ([Fig. 3](#F3){ref-type="fig"} and [Supplementary Fig. S7](#SD1){ref-type="supplementary-material"}). ST8814 cells expressing GST-PID or exposed to Frax1036 showed an N-cadherin-to-E-cadherin switch, typical for SC differentiation, suggesting that Group I Paks may promote MPNST invasion and metastasis in part by regulating cadherin expression.

Importantly, cells with higher phospho-PAK 1/2/3 (ST8814 and, especially, S462TY) were more sensitive to PAK1/2/3 inhibition and showed more significant effect on Akt, β-catenin signaling and cadherin switch when PAK1/2/3 is inhibited. STS26T (sporadic MPNST cell line with low pPAK and poor sensitivity to Pak inhibitors), as well as control iHSC, showed little or no change in indicated pathways upon PAK1/2/3 inhibition.

Synergistic effects of PAK1/2/3 and MEK1/2 dual inhibition *in vitro* {#S6}
---------------------------------------------------------------------

Considering that Pak ablation alone was not sufficient to suppress Erk phosphorylation ([Fig. 3](#F3){ref-type="fig"}), we hypothesized that addition of a Mek inhibitor might increase the antiproliferative effect of Frax1036. We found that the MEK1/2 inhibitor PD-0325901 (PD-901) ([@R34]) eliminated Erk phosphorylation ([Fig. 4A](#F4){ref-type="fig"}) and synergized with Frax1036 in limiting proliferation in ST8814, STS26T and S462TY MPNST cells ([Fig. 4B](#F4){ref-type="fig"}). MPNST cell lines treated with varying dilutions of Frax1036 and PD-901 at their respective IC~50~s resulted in Chou-Talalay combination indices (CI) below 1.0, suggesting that combined Pak and Mek inhibition synergistically supresses MPNST cellular growth. Likewise, the growth of control iHSC was synergistically inhibited by a combination of Frax1036 and PD-901; however, higher doses of both inhibitors were required to achieve this effect.

Effects of PAK1/2/3 and MEK1/2 pharmaceutical inhibition on MPNST xenograft tumor growth {#S7}
----------------------------------------------------------------------------------------

To determine whether our *in vitro* observations suggest therapies applicable *in vivo*, we investigated the antitumor efficacy of the PAK1/2/3 inhibitor Frax1036 as monotherapy and in combination with the MEK1/2 inhibitor PD-901 in subcutaneous xenografts of S462TY and STS26T human MPNSTs. Therapy was initiated after establishment of tumor (average 100 mm^3^). Tumor-bearing mice were treated with vehicle, Frax1036 (30 mg/kg/day), PD-901 (10 mg/kg/day) or the combination of Frax1036 (30 mg/kg/day) and PD-901 (5 mg/kg/day) for a period of 4 weeks ([Fig. 5](#F5){ref-type="fig"}).

Treatment with Frax1036 monotherapy slightly attenuated the growth of STS26T xenografts (\~1302.09 mm^3^ versus \~1915.5 mm^3^ in control group at study termination, p = 0.051), while tumors in mice receiving PD-901 alone were significantly smaller (\~288 mm^3^, p = 0.002). The combination of Frax1036 and PD-901 induced marked tumor regression (\~25.7 mm^3^, p = 0.002) ([Fig. 5A](#F5){ref-type="fig"}). Mice were sacrificed at day 28 after treatment initiation and xenograft tumor tissues were collected. Histological analysis revealed a significant decrease in the number of phospho-histone 3 (pHH3)-positive cells in tumors exposed to the combination of Frax1036 and PD-901. Although tumors regressed in mice treated with the combination of inhibitors, apoptosis was not observed, as indicated by cleaved caspase 3 (CC3) staining ([Fig. 5B](#F5){ref-type="fig"}), suggesting that by the end of the prolonged exposure to the inhibitors, cytostatic effects prevailed.

In S462TY xenograft experiments, only mice treated with a combination of Frax1036 and PD-901 survived until at least experimental day 28 (\~700.4 mm^3^ at study termination). The control group required sacrifice at day 13 (\~2241.1 mm3), PD-901-treated mice at day 19 (\~2231.1 mm^3^) and Frax1036 treated mice at day 22 (\~2232.4 mm3) ([Fig. 5A](#F5){ref-type="fig"}). IHC staining confirmed reduced levels of pHH3 as well as elevated levels of CC3 present in tumor tissues isolated from combinatorial treatment group ([Fig. 5B](#F5){ref-type="fig"}).

Therapy was well tolerated in all experimental groups with no apparent toxicities ([Supplementary Fig. S8](#SD1){ref-type="supplementary-material"}). Inhibition of PAK1/2/3 and ERK1/2 activity by Frax1036 and PD-901 was confirmed by WB analysis of tumor protein lysates. Consistent with the *in vitro* data, treatment with Frax1036 in both STS26T and S462TY xenograft models did not alter ERK1/2 phosphorylation levels ([Supplementary Fig. S9](#SD1){ref-type="supplementary-material"}).

Effects of Pak1/2/3 and MEK1/2 pharmaceutical inhibition growth of experimental MPNST lung metastases {#S8}
-----------------------------------------------------------------------------------------------------

Given that PAK1/2/3 ablation regulates molecular mechanisms driving MPNST invasive growth and has a suppressive effect on MPNST cell motility *in vitro*, we considered that Group I Paks might represent an attractive target for controlling MPNST metastasis. As there is no established *in vivo* model for spontaneous MPNST metastasis, we used a previously described experimental metastasis model, in which tail vein injection of tumor cells leads to the formation of microcolonies in the lung ([@R35]). Of the MPNST cells available to us, we selected STS26T, as these are, to our knowledge, the only available MPNST cells known to cause lung tumors after tail vein injection ([@R35]).

Luciferase-labeled STS26T cells (STS26T-Luc) were injected into the tail vein of SCID immunodeficient mice. To evaluate whether Frax1036 alone or combined with PD-901 can prevent MPNST cells from forming colonies in the lungs, we started exposure to the inhibitors on the day of injection. The Mek inhibitor PD-901 was used at the lower dose of 5 mg/kg/d to reduce its effects on cell proliferation. Mice were allocated to four groups and treated with placebo, Frax1036 (30 mg/kg/day), PD-901 (5 mg/kg/day) or the combination of Frax1036 (30 mg/kg/day) and PD-901 (5mg/kg/day) for a period of 3 weeks, and monitored by bioluminescent imaging (BLI).

BLI imaging indicated inhibition of tumor growth rate in mice treated with Frax1036 (\~7677.143 p/s/cm^2^/sr) or PD-901 (\~11025.71 p/s/cm^2^/sr) compared to untreated mice (\~18112.86 p/s/cm^2^/sr) ([Fig. 6A](#F6){ref-type="fig"}). Significantly, in mice exposed to combination of Frax1036 and PD-901, BLI signals remained comparable to background throughout the experiment (2760 p/s/cm^2^/sr *versus* 2084.64 p/s/cm^2^/sr background) ([Fig. 6A](#F6){ref-type="fig"}). Endpoint assessments confirmed these observations, showing significant difference in average lung weight between control (\~329.7 mg/\~1.75% body weight) and Frax1036 (\~195.3 mg/\~0.97% body weight) or PD-901-treated groups (\~196.4 mg/\~0.92% body weight). In contrast, the lung weight was normal in mice treated with both Frax1036 and PD-901 (\~149.4 mg/\~0.75% body weight) ([Fig. 6C](#F6){ref-type="fig"}).

Large tumor deposits were observed in 6 out of 7 control mice as indicated by H&E staining of pathological lung specimens collected ([Fig. 6B](#F6){ref-type="fig"}). Metastases in abdominal lymph nodes were found in 3 control mice, metastases in ovaries were found in 1 control mouse (data not shown). Smaller lung lesions were observed in Frax1036 and PD-901-treated groups, while mice under combinatorial treatment had no histologically detected tumors ([Fig. 6B](#F6){ref-type="fig"}).

Discussion {#S9}
==========

The invasive and metastatic nature of MPNSTs presents a major therapeutic challenge. While several studies have focused on the molecular mechanisms of MPNST initiation and growth, the mechanisms of MPNST dissemination are largely unexplored. Based on a number of prior studies showing that Pak regulates Erk, Akt, and β-catenin activity ([@R16]) -- three signaling nodes important in MPNSTs ([@R9], [@R10], [@R12], [@R14]) - we here investigated the role of Group I Paks in MPNST pathobiology, with the idea that Pak isoforms might represent promising targets for growth and metastasis of these tumors.

We found that PAK1/2/3 phospho-protein levels are elevated in MPNSTs compared to normal nerves. This was not observed in NF1--associated neurofibromas, suggesting that *NF1* loss alone is not sufficient for up-regulation of PAK1/2/3, and that additional Ras-independent signals must contribute to Pak activation in MPNSTs. Similarly, no difference in Pak activity was found between sporadic and NF1-asociated MPNSTs. At the same time, phospho-PAK1/2/3 staining was significantly stronger in MPNST metastases compared to primary MPNSTs, indicating that Group I Pak signaling is important for tumor formation and growth at distant organs.

To our knowledge, only one previous study has examined the role of Paks in MPNSTs ([@R18]). In that work, the authors found that expression of a dominant-negative form of PAK1 inhibited MPNST growth in the ST8814 cell line, presumably through down-regulation of Erk ([@R9]). Here we used a peptide inhibitor of Group I Paks GST-PID, as well as a highly selective small molecule PAK1/2/3 inhibitor Frax1036, to show that Pak down-regulation impeded the growth and motility of three distinct MPSNT cell lines: ST8814, STS26T and S462TY. Interestingly, these effects were not associated with consistent loss of Erk activity, despite effective inhibition of PAK1/2/3 and suppressive effects on β-catenin activation by Frax1036, GST-PID, and PAK1/2/3 knockdown. PAK1/2/3 inhibition effectively suppressed the invasiveness of MPNST cells, with more moderate effects on the proliferation of ST8814 and STS26T cells. Of the cell lines tested, S462TY cells, which exhibited strikingly high levels of PAK1 and phospho-PAK1/2/3, were exquisitely sensitive to Pak inhibition. This finding is in line with recent studies on Pak function in breast and ovarian cancer cells, in which overexpression of PAK1 is associated with "addiction" to this kinase ([@R35], [@R36]). Similarly, the effect of Frax1036 on tumor growth was most striking for S462TY xenografts and more modest for STS26T tumors. However, even in the sensitive S462TY cell line, Pak inhibition did not reduce Erk activation, suggesting that Pak is not strongly linked to the Mek/Erk pathway in MPNST cells.

Given the importance of Mek/Erk signaling in MPNSTs, we investigated whether Frax1036 might cooperate with the Mek inhibitor PD0325901 (PD-901). PD-901 was previously tested in several preclinical studies and has shown moderate efficacy as a single agent in MPNST models ([@R9], [@R37]). In clinical trials, PD-901 had adverse effects and did not meet its primary efficacy endpoint ([@R38]--[@R40]), suggesting the need to identify drug combinations that effectively suppress tumor growth while minimizing toxicity. By combining the Pak inhibitor Frax1036 with PD-901, we achieved synergistic inhibition of cell growth in MPNST cell lines and more effectively inhibited xenograft tumor growth than by targeting either pathway alone. The combination of Frax1036 with PD-901 was effective with a reduced dose of PD-901, and this combination was well-tolerated. PAK1/2/3 inhibition caused a decrease in the invasive potential of MPNST cells, associated with a reduction of β-catenin activity and N-cadherin expression. The ST8814 cell line also showed an increase of E-cadherin expression in response to Frax1036 or GST-PID. The consequences of such alterations in cell adhesion molecules expression in MPNSTs require further investigation. Loss of the mesenchymal marker N-cadherin and gain of E-cadherin might strengthen intracellular contacts, preventing MPNST cells breakage from the tumor mass and migration into blood vessels. On the other hand, obtaining an epithelial phenotype might give an advantage for metastases in distant organs. To rule out this scenario we have used an experimental MPNST lung metastasis model ([Fig. 6](#F6){ref-type="fig"}.) and showed that, in fact, treatment with Frax1036 inhibits both grafting MPNST cells in the lungs and growth of metastatic tumors, while combination of Frax1036 and PD-901 practically eliminated formation and growth of metastases. These results suggest that PAK1/2/3 is a reasonable target for MPNSTs, especially when combined with a Mek inhibitor, which has a strong anti-proliferative effect. As highly specific small molecule inhibitors of Group I Paks have been developed ([@R41]), including an isoform specific inhibitor of PAK1 ([@R42]), it is reasonable to consider that such inhibitors, alone or in combination with a Mek inhibitor, will be useful in the treatment of MPNSTs

Materials and Methods {#S10}
=====================

Cell Lines {#S11}
----------

MPNST cell lines sNF96.2, sNF02.2 and sNF94.3 were obtained from the American Type Culture Collection, STS26T and S462TY were generously provided by Dr. Timothy Cripe (Nationwide Children's Hospital, OH), ST8814, ST88--3 and 90--8 were generously provided by Dr. Nancy Ratner (Cincinnati Children's Hospital, OH). Immortalized human Schwann cells (iHSC)were were generously provided by Dr. Ahmet Hoke (Johns Hopkins University, MD). MPNST cells were maintained in DMEM supplemented with 10% FBS and penicillin/streptomycin and cultured on tissue culture-treated plates at 37°C in 5% CO~2~. iHSC were maintained in 10%FBS/DMEM supplemented with pen/strep and 2uM Forskolin (Sigma F6886). Cells were routinely tested for mycoplasma. No cell line authentication was performed.

Retroviral Transduction {#S12}
-----------------------

For GST-PID production retroviral expression vector pBMN-GST-PID was used ([@R23]). The ΦNX packaging cells (Orbigen) were transfected using Lipofectamine-2000 reagent (Invitrogen). Viral supernatants were harvested 48 h post-transfection and filtered. MPNST cells were incubated with retroviral supernatant supplemented with 4 μg/ml polybrene for 4 h at 37 °C, and then were cultured in growth media for 48 h for viral integration. GFP-positive cells were collected by flow cytometry.

For *in vivo* imaging, STS26Tcells were transduced with a retroviral construct encoding the firefly luciferase gene (pWZL-Luc) as described above, and selected in 100 μg/mL hygromycin B.

siRNA Transfection {#S13}
------------------

The cells were transfected with siRNA smartpool oligonucleotides (10 nM) targeting PAK1, PAK2 or PAK3 (Dharmacon) using RNAiMax Reagent (Invitrogen) according to the manufacturer's protocol. Non-target siRNA was used as a control.

*In Vitro* Cytotoxicity Assay, IC~50~, and Combination Index (CI) Calculations {#S14}
------------------------------------------------------------------------------

MPNST cell lines were plated in 96-well plates at 5000 cells/well in complete medium. 24 hours after plating, varied doses of inhibitors were added in triplicate. 0.1% DMSO was used as negative control. Cell viability was evaluated after 72-hour incubation with drugs using alamarBlue fluorescent assay (Life Technologies). Synergistic effects were determined by the Chou/Talalay method ([@R45]). IC~50~ and CI values were calculated using Calcusyn (Biosoft); (CI) \< 1 was defined as synergism. Frax1036 and PD-901 were assumed as having independent modes of action and therefore mutually nonexclusive.

Immunoblotting {#S15}
--------------

WB assay was performed using standard techniques. Primary antibodies used in this study were: p-PAK1(S144)/PAK2(S141), PAK1, PAK2, PAK3, PAK1/2/3, p-MEK1(S298), p-MEK1/2(S217/221), MEK1/2, p-ERK1/2 (T202/Y204), ERK1/2, non-phospho (Active) β-catenin, N-cadherin, β-actin from CST, E-cadherin, β-catenin from BD Biosciences, GPDH from Abcam, RAC1 from Millipore.

Invasion Assay {#S16}
--------------

The assay was performed in 24-well transwell chambers (BD Biosciences) with 8-um-pore membrane. MPNST cells (10^5^ STS26T cells and 5×10^5^ ST8814 or S462TY cells) suspended in serum-free medium were added to the inside of the transwell insert precoated with matrigel, and the insert was then placed in a plate containing complete culture medium. After 18 h, cells on the inside were removed, cells on the underside of the insert were fixed with 4% paraformaldehyde and stained with crystal violet solution and counted under light microscope.

Animal Models {#S17}
-------------

All animal procedures were performed in accordance with IACUC guides and regulations.

Female 6--7 weeks old *nu/nu* mice were injected subcutaneously with 10^6^ STS26T cells or 10^7^ S462TY cells in 0.1 ml 30% Matrigel (BD Biosciences)/PBS. Treatment started when the average tumor size reached 100 mm^3^. Frax1036 was formulated in 20% 2-hydroxypropyl-β-cyclodextrin in 50 mM citrate buffer (pH 3.0) and administrated by oral gavage at 30 mg/kg/day. PD0325901 was prepared as a suspension in aqueous 0.5% hypromellose/0.2% Tween 80 and administrated by daily gavage at 5 or 10 mg/kg. Mice were sacrificed when tumor size reached 10% of body weight. Tumors were resected, individual portions of tumors were snap-frozen in liquid nitrogen for preparation of protein lysates, and fixed in formalin and paraffin embedded for immunohistochemical studies.

For studies of metastasis, pWZL-Luc transduced STS26T cells (10^6^ cells in 0.1 ml PBS) were injected into the tail vein of 4--8 week old female SCID mice. Frax1036 (30 mg/kg/day) and/or PD0325901 (5 mg/kg/day) were administrated daily by oral gavage. Dissemination of STS26T-Luc cells was monitored weekly using bioluminescence imaging. Mice were sacrificed after three weeks of treatment. Lungs were resected, weighed, fixed and paraffin-embedded for H&E staining.

Simple randomization was used in all animal experiments. Blinding was not possible.

Bioluminescence Imaging (BLI) {#S18}
-----------------------------

For detection of growth of STS26T-Luc cells, mice were anesthetized with 3% isofluorane and given i.p. injections of RediJect D-Luciferin Ultra (Perkin Elmer) ten minutes prior to imaging using the IVIS Spectrum *in vivo* imaging system (Caliper Life Sciences) as described ([@R46]). Image analysis was performed and total flux emission (photons/second) in the region of interest was determined using the Living Image Software for the IVIS Spectrum.

Immunohistochemistry {#S19}
--------------------

Tisues were fixed overnight in 4**%** paraformaldehyde, dehydrated and embedded in paraffin according to standard protocols. IHC was performed with antibodies for anti-cleaved caspase-3 (CC3) and p-Histone H3 (S10) (pHH3) (Cell Signaling Technology).

A tissue microarray (TMA), containing specimens retrieved from human MPNSTs (n=207), neurofibromas (n=56) and normal nerves (n=11) surgical resections, was used to assess phospho-PAK1/2/3 levels. Tissue sections were blocked for 20 minutes and heat-induced antigen retrieval was performed in pH 6 Citrate Buffer for 20 minutes. Endogenous peroxidases were quenched with 3% hydrogen peroxide in methanol for 10 minutes. The sections were incubated overnight with phopho-PAK1/2/3 primary antibodies (Abcam) at 4°C. Anti-rabbit secondary antibodies (Dako) were incubated for 1 h at room temperature and visualized using DAB+ chromogen (Dako). Images were captured using the Vectra Automated Quantitative Pathology Imaging System and analyzed using inForm image analysis software (PerkinElmer, Caliper Life Sciences).

All human subject studies were approved by respective institutional review boards.

Statistics {#S20}
----------

*p* values were determined by two-tailed Student's *t*-test with Welch's correction for all *in vitro* studies. For xenograft and experimental metastasis studies, *p*-values were calculated by Mann-Whitney test. No statistical methods were used to pre-determine sample sizes. Correlations between categorical variables were performed using the χ2-test or Fisher's exact test when the number of observations obtained for analysis was small. The relationships between phospho-PAK1/2/3, phospho-MEK1/2 and phospho-AKT1/2 in TMA studies were assessed using Spearman's correlation. Linear regression was used to define significance, and potential within-subject correlation was accounted for using Generalized Estimating Equations with robust standard errors. Phospho-PAK1/2/3 H-score was log-transformed prior to analysis.
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![Phospho-PAK1/2/3 is present at high levels in human MPNST specimens and human MPNST cell lines\
**A**, Representative photographs of MPNST tissue microarray (TMA), IHC stained for phospho-PAK1/2/3. B. Quantification of phospho-PAK1/2/3 staining intensity in MPNST TMA. C. Expression correlations between phospho-PAK1/2/3, phospho-MEK and phospho-AKT, increasing saturation of blue indicates higher correlation. D. Immunoblot analysis demonstrating Group I Pak protein and phospho-protein levels in human Schwann cells (SC) and human MPNST cell lines. Error bars represent standard error of the mean (\*= *p*\<0.05, \*\*= *p*\<0.001, \*\*\*\*= *p*\<0.0001).](nihms861704f1){#F1}

![Group I Pak inhibitors reduce MPNST cell proliferation and invasion\
**A.** Suppressive effect of peptide PAK1/2/3 inhibitor GST-PID on iHSC, ST8814, STS26T and S462TY cell growth. **B.** Dose response to a small molecule PAK1/2/3 inhibitor Frax1036 in iHSC and MPNST cells. **C.** Invasiveness of iHSC and MPNST cells treated PAK1/2/3 inhibitors determined by trans-matrigel invasion assay. Error bars represent standard deviation (\*= *p*\<0.05, \*\*= *p*\<0.01, \*\*\*= *p*\<0.005).](nihms861704f2){#F2}

![Inhibition of PAK1/2/3 affects MAPK, Akt, β-catenin pathways and cadherin expression\
Immunoblot analysis of MAPK, AKT/mTOR and β-catenin cascades signaling and N- and E-cadherin protein levels changes in iHSC, ST8814, STS26T and S462TY cells exposed to PAK1/2/3 inhibitors GST-PID and Frax1036. WB quantification of Pak, Mek/Erk, Akt/mTOR phosphorylation changes and changes of active β-catenin levels Error bars represent standard deviation (\*= *p*\<0.05, \*\*= *p*\<0.01).](nihms861704f3){#F3}

![Frax1036 and PD-901 synergistically affect MPNST cell viability\
**A.** Immunoblot analysis of PAK1/2/3 and ERK1/2 total protein and phospho-protein levels in iHSC, ST8814, STS26T and S462TY cells exposed to DMSO, Frax1036, PD-901, or a combination of Frax1036 and PD-901. **B**. Dose-response curves of iHSC and MPNST cells exposed to Frax1036, PD-901 or a combination of both compounds, combination indices (CI) for Frax1036 and PD-901 treatment.](nihms861704f4){#F4}

![Frax1036 and PD-901 combination inhibits MPNST local tumor growth\
*Nu/nu* immunodeficient mice bearing STS26T or S462TY subcutaneous xenograft tumors (\~100 mm^3^) were allocated into four groups (n=6) and exposed to vehicle only, Frax1036, PD-901 or combination of Frax1036 and PD-901 for a period of four weeks. **A**. Volumetric changes of STS26T and S462TY xenograft tumors in control and experimental groups. **B**. IHC analysis of phospho-histone H3 (pHH3) and cleaved caspase 3 (CC3) in all groups of STS26T and S462TY tumors at study termination. Error bars represent standard error of the mean (\*= *p*\<0.05, \*\*= *p*\<0.01).](nihms861704f5){#F5}

![Frax1036 and PD-901 combination inhibits formation and growth of experimental MPNST metastasis\
SCID immunodeficient mice tail-vein injected with STS26T-Luc were exposed to vehicle, Frax1036, PD-901 or a combination of Frax1036 and PD-901 in the course of three weeks. The kinetics of pulmonary tumor growth and spreading was monitored by BLI. **A.** Quantification of BLI signals in lung area of mice in control and experimental groups (n=7). Representative BLI images are shown on day 21 after grafting. **B**. Representative H&E sections of the lungs of mice from each group, showing lung tumor deposits (arrowed) in control, Frax1036 or PD-901 treated groups, but not in combinatorial treatment group. **C**. Quantification of relative lung weights in all groups at study termination. Error bars represent standard error of the mean (\*= *p*\<0.05, \*\*= *p*\<0.01, \*\*\*= *p*\<0.005).](nihms861704f6){#F6}
